Abstract. The Huaihe River Basin having China's highest population density (662 persons per km 2 ) lies in a transition zone between the climates of North and South China, and is thus prone to drought. Therefore, the paper aims to develop an appropriate drought assessment approach for drought assessment in the Huaihe River basin, China. Based on the Principal Component Analysis of precipitation, evapotranspiration, soil moisture and runoff, the three latter variables of which were obtained by use of the Xin'anjiang model, a new multivariate drought index (MDI) was formulated, and its thresholds were determined by use of cumulative distribution function. The MDI, the Standardized Precipitation Index (SPI) and the self-calibrating Palmer Drought Severity Index (sc-PDSI) time series on a monthly scale were computed and compared during 1988, 1999/2000 and 2001 drought events. The results show that the MDI exhibited certain advantages over the sc-PDSI and the SPI in monitoring drought evolution. The MDI formulated by this paper could provide a scientific basis for drought mitigation and management, and references for drought assessment elsewhere in China.
Introduction
Droughts are the costliest one of all natural disasters over the world, and often lead to significant societal, economic, and ecologic impacts (Farahmand and Aghakouchak, 2014) . Droughts usually affect more people than any other form of natural hazards (Wilhite, 2000) and might have more serious influence at a global scale with the world's population increasing (McLeman, 2010) and the frequency and intensity of droughts being likely to change more rapidly under the impacts of anthropogenic global warming progresses (Dai et al., 2004; Dai, 2011) . Therefore, drought assessment is a hot topic among hydrologists and meteorologists, and attracted a world-wide attention (Yu et al., 2014; Jain et al., 2010; Todisco et al., 2013; Sohrabiz et al., 2013; Giraldo and García, 2012; Li et al., 2015) . Due to China's special climatological and topographical features, China is one of the countries frequently suffering drought hazards in the world, and both drought frequency and intensity have demonstrated an obvious rising trend with climate change (Yu et al., 2014) . Thus, many researchers in China made contributions to drought monitoring and assessment (Li et al., 2015; Qian et al., 2011; Li et al., 2012; Wang et al., 2012) .
Currently, there exist a number of drought indices that have been used to represent different types of droughts including meteorological or climatological, agricultural and hydrological droughts. Most of drought indices based on one or two specific hydro-meteorological variables can only monitor one specific physical form of drought: hydrological, meteorological, or agricultural (Rajsekhar et al., 2014; Heim, 2002) . In recent years, some multivariate drought indices that consider a wide range of hydrological, agricultural, meteorological variables has been proposed and applied (Li et al., 2015; Rajsekhar et al., 2014; Svoboda, 2002; Brown et al., 2008; Hao and AghaKouchak, 2013; Zhang and Jia, 2013; Mu et al., 2013; Keyantash and Dracup, 2004) . However, precise physical quantification of drought intensity by these indices is still a tough task (Keyantash and Dracup, 2004 
Data and methods

Methods
To develop an appropriate drought index for Eastern China, the Huaihe River basin was selected as a case study site. A monthly time series of the MDI was computed through application of the Principal Component Analysis (PCA) to monthly evapotranspiration, soil moisture content, runoff and precipitation. The Xin'anjiang model (Zhao, 1992) was applied to simulate daily evapotranspiration, soil moisture and runoff processes in the Huaihe River basin according to its rainfall-runoff mechanism (saturation excess runoff). The Xin'anjiang model was run in each grid with a size of 1 km × 1 km to gain its daily P , W , E and R on a daily basis during 1988-2002. The daily time series of areal mean values of P , W , E and R were obtained by averaging their daily values from all grids, and their monthly time series were acquired by summing up their daily values on a monthly scale. The MDI thresholds were determined by cumulative distribution function and its applicability was examined by comparison with the SPI (McKee et al., 1993) and the sc-PDSI (Wells et al., 2004 (Wells et al., ) in assessing 1988 (Wells et al., , 1999 (Wells et al., /2000 (Wells et al., and 2001 drought events.
Data collection and processing
The topographic and hydro-meteorological data were collected for each grid of 1 km × 1 km in the Huaihe River basin. The digital elevation model (DEM) data was downloaded from the NOAA National Geophysical Data Center (NGDC), and the Archydro tool was used in the delineation of the boundaries of the study area. The daily 1988-2005 time series of rainfall from sixty-three rainfall gauges in the study area, and discharge and evaporation from the Xixian hydrology station were collected for daily simulation. The homogeneity and reliability of the data have been checked and firmly controlled by the Huaihe River Water Resources Commission and China Meteorological Administration. The inverse distance weighting interpolation method was employed to spatially interpolate meteorological data for every grid.
Study area
The Huaihe river basin is one of seven major river basins in China, and is located between the Yellow and Yangtze Rivers, with an area of 270 000 km 2 . Like them, the Huaihe flows from west to east, and is situated between latitudes 31 • 0 0 and 35 • 0 0 N and between longitudes 112 • 0 0 and 121 • 0 0 E. This region has China's highest population density (662 persons per km 2 ) and is thus of great socioeconomic importance. Climatologically, it lies in the warm temperature semi-humid monsoon region, which is a transition zone between the climates of North and South China, and is thus prone to drought. This paper selected the upper Huaihe River above the Xixian hydrologic station as a case study site (Fig. 1) . The Xixian subbasin has a catchment of 1.019 × 104 km 2 with an average annual precipitation of 1145 mm, an average annual runoff of 371 mm and an average annual pan evaporation of 922 mm. The intra-annual distribution of precipitation is very uneven with precipitation mainly occurring in the period from mid-May to midOctober, and the inter-annual variation of precipitation is also significant. These features in precipitation may be a major factor leading to drought.
MDI formulation and application
Xin'anjiang model application
The Xin'anjiang model (Zhao, 1992 ) is a rainfall-runoff, distributed, basin model for use in humid and semi-humid regions, and has been widely applied in China. The model consists of three modules: evaporation, runoff and flow concentration. The evapotranspiration component is represented by a model of three soil layers. Runoff production occurs on repletion of storage to capacity values which are assumed to be distributed throughout the basin. The runoff was separated into surface, interflow and groundwater components based Horton's concept of infiltration and the concept of hillslope Note: e 1 and e 2 are the eigenvectors associated with PC1 and PC2 respectively; e 1p , e 1r , e 1e and e 1w are the coefficients of precipitation, runoff, evapotranspiration and soil moisture content in e 1 , and e 2p , e 2e , e 2r and e 2w are the coefficients of precipitation, runoff, evapotranspiration and relative soil moisture in e 2 .
hydrology. The concentration of surface runoff, interflow and groundwater on the hillslope to the nearest river channel is represented by a linear-reservoir routing technique respectively. The concentration of flow to the outlet of the basin in the channel system is represented by Muskingum routing. There are fifteen parameters in all, of which the model is particularly sensitive to six. In this study, the Xin'anjiang model was used to reconstruct daily water balance components (soil moisture content, evaporation and runoff) at a spatial resolution of 1 km. To run the Xin'anjiang model, four types of parameters, i.e. evapotranspirition, runoff production, runoff separation, and runoff concentration parameters, need to be determined. The Xin'anjiang model was calibrated by use of daily data from 1 January 1988 to 31 December 1998, and validated from 1 January 1999 to 31 December 2002. The performance of the Xin'anjiang model was evaluated by the following indicators:
Modeling Efficiency (EF) :
where R c and R o are the computed and the observed annual runoff respectively (mm), which were calculated respectively on the basis of daily computed and observed runoff (mm); n is the number of days in a each year, Q c and Q o are the computed and the observed daily discharge respectively on day i (m 3 s −1 ), Q is the average of observed daily discharge (m 3 s −1 ).
MDI creation and application
Construction of the MDI
The formulation of the MDI should fully consider the impacts of water budget which is made up of precipitation (P ), evapotranspiration (E), soil moisture content (W ), runoff (R), groundwater storage (G), snow water content (S) and surface water storage on drought process and intensity. In this study, surface water storage, snow water content and groundwater storage were not taken into account, and soil moisture content was replaced by relative soil moisture (RW) (Li et al., 2015) . Thus, the MDI was formulated on the basis of the Principal component analysis (PCA) (Cattell, 1952) of P , E, R and RW. To eliminate the influence of the dimensions of the variables (P , E, RW and R), they all were standardized. Since the monthly distributions of precipitation, evapotranspiration and runoff were uneven, the MDI was formulated for each month respectively. The MDI was formulated as a linear combination of the first and the second principal components (PC1 and PC2):
where MDI i,k is the monthly MDI value in month k of year i, Z 1,i,k and Z 2,i,k are the first and the second PC in month k of year i, λ 1,k and λ 2,k are the first and the second PC's eigenvalue of month k. According to the mathematical methods described above, the eigenvectors and eigenvalues corresponding respectively to PC1 and PC2 were formulated and showed in Table 1 .
Drought Intensity Scale for the MDI
The MDI thresholds were determined probabilistically on the basis of the MDI percentiles from empirical cumulative dis- tribution function (ECDF) (Hao and AghaKouchak, 2013) . Since the SPI thresholds are quantified by ECDF and it performs well in drought assessment of the Huaihe river basin, where precipitation is a key variable controlling drought occurrence and evolution, the MDI percentiles were selected as what SPI adopted (McKee et al., 1993) , i.e. the 2nd, 7th, 16th and 84th percentiles, and the MDI threshold ranges were determined as following: −1.88 and less, extreme drought; −1.88 to −1.43, severe drought; −1.43 to −1.15, moderate drought; −1.15 to 1.11, near-normal; 1.11 and more, normal (see Table 2 ).
MDI application
The historical droughts that occurred in Huaihe River basin including1988, 1999/2000 and 2001 drought events were chosen to test the applicability of the newly proposed MDI based on the following facts: these droughts were among the most severe ones; they were well recorded, including the damage and duration. Furthermore, the sc-PDSI and the SPI on a monthly scale were also employed to assess these droughts and the suitability of the MDI, the sc-PDSI and the SPI was evaluated. Table 3 indicated that the Xin'anjiang model performed well with an average ME value, being 0.71 and 0.65 for calibration and validation periods respectively and all RE values being within ±10 % for both calibration and validation periods. To save space, only simulated hydrographs for the years of 1988 (calibration) and 2000 (validation) were presented (Fig. 2) . It can be expected that the average ME value would increase with the simulation time scale from a daily scale to a monthly scale. According to the hydrological forecasting standards issued by the Ministry of Water Resources, China, it can be concluded that the simulated streamflow is of sufficient accuracy and the Xin'anjiang model is applicable to the Huaihe River basin. According to model equifinality (Beven, 2006) , it can be assumed that the simulated evapotranspiration, runoff and soil water content by the Xin'anjiang model also have sufficient accuracy due to streamflow being an integrator of these processes, and therefore they are acceptable in the formulation of the MDI.
Results and discussion
The Xin'anjiang model simulation
Drought assessment with the MDI, the sc-PDSI and the SPI
The monthly time series of the MDI for the study area is shown in Fig. 3 . The grey shaded areas in Fig. 3 well indicated the durations of the historical droughts that occurred in the Huaihe River basin in 1988 River basin in , 1999 River basin in to 2000 River basin in and 2001 . Figure 3 revealed clearly that the monthly MDI time series successfully demonstrated these historical droughts with its lower values falling within the grey shaded areas. The sc-PDSI and the SPI on a monthly scale during the historical droughts were computed and compared with the MDI as below.
1988 Drought
The first shaded area in Fig. 3 corresponds to the 1988 drought. As the historical records showed, the 1988 drought has been one of the worst droughts since 1949 in Huaihe River basin. The drought started from May and ended in August, and the rainfall in these months decreased significantly compared with their long-term mean rainfall, particularly in June, reducing by more than 60 %. Moreover, some small branches were drying up in June and July. The dryness assessments by these three drought indices were given in Table 4 . Table 4 demonstrated that the MDI best reflected the drought evolution among these three indices. The severity of the drought assessed by the SPI was milder than the actual situation. The sc-PDSI almost failed to identify this serious drought. The MDI also identified the start and the end of the 1988 drought.
1999/2000 Drought
According to the records of history, the 1999/2000 drought (corresponding to the second shaded areas in Fig. 3 ) in the Huaihe River basin took place in June to September of 1999 and March to June of 2000. During the drought, an evident reduction in monthly rainfalls occurred, being 50 to 80 % of their mean annual values, while the monthly evapotransporation and air temperature were above their mean annual values respectively. All these factors worked together to aggravate the drought during the spring of 2000, and as a result, a large area in the Huaihe river basin suffered the drought, and a number of small-and medium-sized rivers dried up. The drought dryness assessment by these indices was illustrated in Table 5 . From Table 5 , it can be seen that the drought severity monitored by the sc-PDSI was much milder than that by the MDI and the SPI, and the response of the sc-PDSI to the start of the 1999/2000 drought seriously delayed and alproc-iahs.net/369/61/2015/ most failed to identify the drought during June to September of 1999. The SPI performed better in the monitoring of the drought than the sc-PDSI, but the difference between the picture depicted by the SPI and the actual situation still existed. The drought severity identified by the MDI during the periods of June to September of 1999 and March to June of 2000 was well consistent with the historical records. Thus, the MDI performed best in terms of both drought severity and drought evolution.
2001 Drought
The 2001 drought (corresponding to the third shaded areas in Fig. 3 ) in the Huaihe River basin was the worst recorded drought since 1949, starting in June and ending in November. An obvious reduction in rainfall occurred during April to July with its amount being about 58 % of the normal value, and a number of small-and medium-sized rivers dried up. Table 6 presented the drought dryness assessment by these three indices. From Table 6 , it can be clearly seen that the sc-PDSI almost failed to monitor the drought. Both of the MDI and the SPI monitored the drought evolution. However, the drought period depicted by the SPI was longer than the actual one. Since the SPI is sensitive only to rainfall, the dryness assessment by the SPI may be more serious than the actual situation with a reduction of rainfall in April and May. Compared with the sc-PDSI and the SPI, the MDI demonstrated good agreement with the actual drought evolution. Both the MDI and the SPI detected the end of the drought. The above analysis indicated that the sc-PDSI performed not good enough for drought dryness assessment in the Huaihe River basin due to its inherent disadvantages: the assumption of the PDSI that runoff cannot occur unless soil moisture is at field capacity being not always true; and the PDSI being difficult to account for the lag between moisture surplus and streamflow with a rather crude water balance model being used in the PDSI (Alley, 1984) . Both the SPI and the MDI can be used to monitor the droughts in the Huhaihe River basin, but the MDI performed better in terms of drought duration and severity due to drought occurrence and evolution being not only closely associated with precipitation but also other different variables, such as evapotranspiration, soil moisture status, and streamflow.
Conclusions
The drought dryness assessment in terms of the drought duration and magnitude for the three typical droughts in historical records (i.e. the 1988 drought, the 1999/2000 drought and the 2001 drought) was carried out by drought indices of the MDI, the sc-PDSI and the SPI and compared. The results revealed: The MDI and the SPI were applicable in the Huaihe river basin with the MDI performing best. The sc-PDSI failed to monitor the three typical droughts. The MDI provides a simple approach to evaluate droughts by comprehensively considering multiple hydrological variables about the drought including precipitation, evapotranspiration, soil moisture and runoff which are easily obtained by observation and model simulation. Moreover, the MDI has widely feasibility that factors used in the MDI computation depend on the local climate and the weight in each variable is determined by the hydrological conditions in the study area.
